Metal-free organic sensitizers for use in water-splitting dye-sensitized photoelectrochemical cells Edited by Richard Eisenberg, University of Rochester, Rochester, NY, and approved December 12, 2014 (received for review August 4, 2014) Solar fuel generation requires the efficient capture and conversion of visible light. In both natural and artificial systems, molecular sensitizers can be tuned to capture, convert, and transfer visible light energy. We demonstrate that a series of metal-free porphyrins can drive photoelectrochemical water splitting under broadband and red light (λ > 590 nm) illumination in a dye-sensitized TiO 2 solar cell. We report the synthesis, spectral, and electrochemical properties of the sensitizers. Despite slow recombination of photoinjected electrons with oxidized porphyrins, photocurrents are low because of low injection yields and slow electron selfexchange between oxidized porphyrins. The free-base porphyrins are stable under conditions of water photoelectrolysis and in some cases photovoltages in excess of 1 V are observed.
water-splitting | photoelectrochemical | metal-free porphyrins | visible light | artificial photosynthesis T he capture of solar energy and storage as reduced chemical fuels is a significant challenge for a future renewable energy economy. Solar fuels may take the form of H 2 or reduced carbon-containing molecules (CH 4 , C 2 H 6 , CH 3 OH, etc.). Largescale reduction of water or CO 2 requires an abundant electron donor to provide the reducing equivalents. Natural photosynthesis uses water as the electron source, generating oxygen as a byproduct. Most artificial photosynthetic systems also seek to use water as the electron donor, even though the kinetically slow oxygen evolution step is a performance bottleneck (1) .
The thermodynamic requirements for water oxidation are relatively modest. A minimum potential of 1.23 V is required, although practical systems need higher voltages because of catalytic overpotentials and series losses in photoelectrolysis cells. This minimum thermodynamic requirement can be satisfied by light of all wavelengths shorter than 1 μm. Allowing for reasonable overpotentials and series losses, the minimum onset for light absorption in a one-photon-per-electron system is near 650 nm, and the maximum theoretical power conversion efficiency is about 20% (2) . Although many molecular sensitizers and solidstate semiconductors absorb in this range, finding stable sensitizers with redox or band potentials that span the water oxidation and reduction potentials is a significant challenge.
Light harvesting in natural photosynthesis is accomplished by a hierarchical assembly of accessory pigments that funnel their excitation energy to chlorophyll molecules (3) . The core of chlorophyll-a is a substituted chlorin (4), a porphyrin ring with a reduced exo double bond (5) . Because porphyrins are synthetically more accessible than chlorins and bacteriochlorins, many groups have studied them as light-harvesting molecules in dye-sensitized solar cells (DSSCs) (6, 7) . Unlike ruthenium polypyridyl dyes, porphyrins contain only abundant elements and strongly absorb across most of the visible spectrum (8) . Grätzel and coworkers recently demonstrated a 12.3% efficient DSSC for electricity generation, using a push-pull Zn porphyrin (9) .
In contrast to conventional DSSCs, water-splitting dye-sensitized photoelectrochemical cells (WS-DSPECs) use molecular sensitizers and water oxidation catalysts that are coadsorbed onto a mesoporous TiO 2 electrode. The sensitizer absorbs visible light, injects an electron into the conduction band of TiO 2 , and is then re-reduced by the water oxidation catalyst, which oxidizes water to give molecular oxygen and protons. The photoinjected electron migrates through the TiO 2 film to a dark cathode where protons are reduced to molecular hydrogen (1) . At high light intensity in the blue part of the visible spectrum, incident photon current efficiencies (IPCEs) up to 14% have been demonstrated with WS-DSPECs (10).
Earth-abundant catalysts and sensitizers will be needed for large-scale deployment of artificial photosynthesis. Much effort has been devoted to the development of earth-abundant water oxidation catalysts (11) (12) (13) (14) , including a recently reported completely organic catalyst (15) . Less attention has been paid to the development of earth-abundant sensitizers-an important problem for WS-DSPECs where absorber-to-catalyst ratios can exceed 1,000:1. Ruthenium polypyridyl sensitizers are most commonly used in WS-DSPECs (10, (16) (17) (18) (19) , although Moore et al. (20) demonstrated a WS-DSPEC sensitized with a zinc porphyrin that produced modest photocurrent (∼30 μA/cm 2 ). Organic sensitizers (containing C, H, N, and O) are earth abundant and offer the possibility of being low cost. The viability of organic sensitizers has been studied in conventional DSSCs (21, 22) and organic solar cells (23, 24) , but is largely unexplored in the context of water splitting. Tachan et al. recently proposed type II sensitization with catechol on TiO 2 (25) . They observed current enhancement, although the Faradaic efficiency of oxygen
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generation was not measured and it is unclear how much of the enhancement was specific to visible light sensitization.
In this paper, we demonstrate overall water splitting using metalfree organic sensitizers. We show that a series of free-base porphyrins can drive the photoelectrochemical water-splitting reaction, using only visible light illumination at photocurrents comparable to those of Ru polypyridyl sensitizers. TiO 2 electrodes sensitized with these porphyrins generate photocurrent corresponding to water oxidation, even when illuminated with red light (λ > 590 nm). Although hole transport and injection yields are poor, back electron transfer recombination is much slower than it is with the most widely used Ru polypyridyl sensitizer.
Methods
Detailed syntheses and characterization data for the compounds used in this study, along with additional details of the photoelectrochemical experiments, can be found in SI Appendix.
Preparation of WS-DSPEC Electrodes. IrO 2 -catalyzed TiO 2 photoanodes were made as described elsewhere (19) . An aqueous paste of anatase TiO 2 nanoparticles was applied to an 8-Ω/cm 2 fluorine-doped tin oxide-coated glass slide via a doctor blading technique. After sintering, the electrodes were soaked in 100 μM citrate-capped IrO x solution for 14 h and then sintered for 3 h at 450°C to form crystalline IrO 2 . Electrical contact was made with a conducting silver paste and protected with Hysol C Loctite white epoxy. The electrodes were then soaked in a 200-μM solution of sensitizer in ethyl acetate for 22 h in the dark, rinsed with fresh ethyl acetate, and stored in the dark.
Characterization of Electrodes. Sensitizer surface coverages on TiO 2 were determined using the Q-band absorbance in solution and on dry TiO 2 films. Emission data were collected on TiO 2 coated with an insulating ZrO 2 shell applied by atomic layer deposition (ALD) via excitation of the Q y (1,0) peak. Photoelectrochemical measurements were made using a 150-W Xe lamp fitted with air mass (AM) 0, AM 1.5, and 410-nm or 590-nm long-pass filters, which prevented band gap excitation of the TiO 2 . Short-circuit absorbed photon-to-current efficiency (APCE) measurements were made with a Metrohm Autolab potentiostat with a 1-ms time resolution. A 470-nm light-emitting diode (LED) (Thorlabs M470L3) was used as the illumination source. Opencircuit photovoltage decay measurements also used the 470-nm LED to provide bias illumination, with a 532-nm pulse (5 mJ, 7-10 ns) from a Nd:YAG laser (SpectraPhysics INDI-40-10) used to pump the system. The voltage decay was monitored on an oscilloscope (Tektronix TDS 540A). The current efficiency for oxygen generation at the photoanodes was measured using a calibrated Pt collector electrode as previously described (18, 19) . For each value reported, standard errors were calculated from measurements of six replicate samples. Detailed characterization procedures are reported in SI Appendix.
Results
Absorption and Emission Spectra. Free-base porphyrins exhibit a strong Soret band absorption in the near-UV/blue portion of the spectrum and four lower-intensity Q bands at longer wavelengths (26) . The Soret bands for the sensitizers studied in this work ( Fig. 1) typically had maxima at ∼410 nm, with extinction coefficients in excess of 10 5 M −1 ·cm −1 . As the light source used for photoelectrochemical measurements is equipped with a 410-nm long-pass filter, it is the Q bands of the sensitizers that are of particular importance in this study. SI Appendix, Table S1 gives the absorbance maxima and molar extinction coefficients for the Q bands of each sensitizer.
An analysis of the absorbance maxima in SI Appendix, Table  S1 shows that the position of the Q bands is influenced by the type and number of substituents at the meso positions of the porphyrin ring. TMP, TTP, and PAP have alkylphenyl substituents at each meso position and have nearly identical absorbance maxima. The MMP, DMP, and TMP series exhibits a 6-to 8-nm red shift with each additional mesityl group. With MDC and MDCE, the four Q bands appear at nearly identical positions. Molar extinction coefficients also show some general trends, with fully substituted porphyrins generally having larger values. On the dry, sensitized TiO 2 films, the positions of the Q bands show a slight red shift (∼1-3 nm) (SI Appendix, Table S2 ). Typically, the absorbance at the Q y (1,0) peak was between 1 and 2 absorbance units, with the subsequent Q bands following the trends in extinction coefficient measured in solution. The surface coverage (SI Appendix, Table S2 ) was calculated using the absorbance of the Q y (1,0) maximum.
The fluorescence spectra of the porphyrin sensitizers contained two well-defined peaks, the higher-energy emission assigned to the Q(0,0) transition and the lower-energy one assigned to Q(1,0) ( Table 1) . As in the absorption spectra, the emission maxima shifted to the red as the number of meso-mesityl groups increased from MMP to TMP (SI Appendix, Fig. S1 ). For the fully substituted sensitizers (TMP, TTP, and PAP), the position of the Q(1,0) fluorescence peak was consistent; however, for TTP the Q(0,0) peak (663 nm) was shifted 9 nm to the red relative to TMP and PAP (654 nm). These porphyrins, as well as DMEP, show a mirror image relationship in the relative intensities of the Q(0,0) and Q(1,0) absorption and emission bands.
Electrochemistry. The peak of the anodic wave (E pa ) for the sensitizers on TiO 2 is presented in Table 1 . MDC is not included as it rapidly desorbed during the experiment. We determined E pa by cyclic voltammetry (SI Appendix, Fig. S2 ). On TiO 2 the oxidation of the sensitizers was electrochemically irreversible, as previously reported (20) . The trends in E pa differed from the observed spectral trends. For example, increasing the number of mesityl substituents introduces a very slight positive shift in E pa , while exerting a more significant effect on the spectral properties. The E pa value for TMP is in close agreement with the value (1.09 V vs. Ag/AgCl) measured by Watson et al. (27) . Although Fig. S2 ).
The excited-state reduction potential E* red was estimated as the difference between E pa of the ground state and the lowestenergy singlet (E 00 ), determined by the crossing point of the normalized emission and absorption spectra. The porphyrins studied had very similar E 00 values, so E* red was largely determined by the position of E pa . E* red has direct implications for the ability of the excited sensitizer to inject an electron into in the conduction band of TiO 2 . For anatase, the conduction band edge potential is about −0.81 V vs. Ag/AgCl at pH 6.8 (28) .
In addition to absorbing visible light, the sensitizer must also conduct holes across the surface to a catalytic IrO 2 particle. Intermolecular hole transfer between sensitizers on TiO 2 has been well studied in the context of conventional DSSCs (29) (30) (31) . Focusing on sensitizers relevant to WS-DSPECs, Hanson et al. (32) measured the cross-surface electron diffusion coefficients (D app ) for a series of ruthenium polypyridyl complexes by polarizing the electrode positive of their formal potential and then monitoring the bleaching of the metal-to-ligand charge transfer (MLCT) absorbance. The absorbance-time curve was fitted to a modified Cottrell equation to give the apparent cross-surface electron diffusion coefficient. Using the same method, we found that D app for the porphyrin sensitizers used in this study was too slow to measure (≤10 Photoelectrochemistry. For WS-DSPECs, the photovoltage is defined as the difference between the potential of water oxidation (+0.63 V vs. Ag/AgCl at pH 6.8) and the Fermi level of the TiO 2 under illumination (19) . We previously determined the optimal IrO 2 loading to be 0.5 pmol/cm 2 (19) . At this loading, we measured open-circuit photovoltages of 1.07 ± 0.01 V and 1.11 ± 0.03 V with the [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)] sensitizer (19, 33) . The photovoltages we observed in this study were generally similar and fell between 1.00 V and 1.10 V ( Table 2) . MDC exhibited a significantly lower photovoltage (0.88 ± 0.01 V); however, it desorbed from the TiO 2 at a significant rate under illumination (SI Appendix, Fig. S4 ). Under red light illumination (AM 1.5 simulated solar spectrum with a 590-nm long-pass filter), a photovoltage drop of ∼0.10 V was observed.
We measured the photocurrent at +0.10 V vs. Ag/AgCl applied bias for 10 min under illumination. For ready comparison between sensitizers, we integrated the current to find the charged passed (SI Appendix, Fig. S3 ). For the majority of sensitizers there was little difference in the integrated charge under illumination with a 410-nm long-pass filter (Table 1) . PAP and DMP were notable exceptions, passing about half the charge of the other sensitizers. Integrating the photon flux from 410 nm to 700 nm, we calculated IPCE values of 0.014-0.032% for the 10 min of illumination. Under red light (590-nm long-pass filter), the charge passed decreased although IPCE values generally remained constant. Samples that lacked sensitizer or IrO 2 showed no measurable photocurrent (<1 μA·cm ) with either the 410-nm or the 590-nm long-pass filter. A small transient current that decays within 100 ms can be observed when a sensitizer is present but no IrO 2 is present.
We determined the Coulombic efficiency for oxygen evolution of a TMP-sensitized photoanode (Fig. 2) , as previously described (18, 19) . When the cell was degassed with Ar, the collector electrode showed a small cathodic background current (∼60 μA) before illumination. Once the cell was exposed to light, the photoanode generated photocurrent that was mirrored in time on the collector electrode. Using the collection efficiency (81%) determined by calibration with a Pt film generator electrode, we calculated a Faradaic efficiency of 102 ± 5%, (i.e., near unity) for water oxidation at the WS-DSPEC photoanode.
To better understand the IPCE values of the various sensitizers on TiO 2 , we sought to measure the quantum yield of injection. Meyer and coworkers (34) used a poly(methylmethacrylate) actinometer to measure quantum yields for injection of electrons from excited ruthenium polypyridyl dyes into TiO 2 ; however, we were unable to accurately determine the molar extinction coefficient of the porphyrin radical cation following injection. Thus, instead of directly determining the injection yield, we measured the APCE under short-circuit conditions. Electrodes with 4-μm-thick TiO 2 films were used to promote efficient charge collection. These films were not functionalized with catalyst, so the APCE was calculated from the photocurrent in the first millisecond of illumination in pH 6.8, 100-mM phosphate buffer. To minimize recombination effects the system was held at short circuit and the measurement was performed over a short time period (1 ms). [Ru (bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)] was used as a comparison sensitizer, as quantum yields for injection by ruthenium polypyridyl sensitizers are typically high. Table 3 reports the short-circuit APCE values for the sensitizers. Surprisingly, the APCE values in the TMP, DMP, and (Table 3) . Photovoltage decay curves were fitted to a stretched exponential function to extract the recombination time constant, τ r (Fig. 3) . For the porphyrin sensitizers, values of τ r were on the order of tens of milliseconds, with some correlation between longer recombination time and the number of substituents. Interestingly, the porphyrins exhibited a τ r roughly one order of magnitude longer than that of [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)]. It is important to note that illumination intensity and not V oc was kept constant for each sensitizer, although V oc values were consistent with values measured under broadband illumination.
Discussion
The open-circuit photovoltages and integrated photocurrents are quite similar for most of the free-base porphyrin sensitizers. However, a deeper analysis of the spectral and electrochemical properties of the sensitizers reveals significant differences. To properly understand the photoelectrochemical results, it is crucial to understand these differences and to develop a kinetic picture so we can rationally design strategies to improve the system. Analysis of the spectral and electrochemical data reveals that these properties are directly affected by substitution on the porphyrin core. Symmetry, inductive, and resonance effects may cause these differences. We can observe the effect of symmetry if we compare TMP, DMP, and MMP. Generally, the four-orbital model is used to describe the absorption spectra of porphyrins (26, 35) . With free-base porphyrins, the N-H protons on the pyrrole core reduce the overall symmetry of the molecule and split the Q bands into Q x and Q y components. This band splitting functionally extends the absorption into the red. Substitution at the meso position shifts the energy of one highest occupied molecular orbital (HOMO) and both lowest unoccupied molecular orbitals (LUMOs). The other HOMO orbital has a nodal plane at the meso position and is unaffected (26) . With each additional mesityl group, the molecule becomes more symmetric electronically, the Q bands shift by 6-8 nm to the red, and the molar extinction coefficients increase. Although TMP does not strictly have D 4h symmetry, we assume that the aryl groups at each meso position give it quasi-D 4h symmetry. Porphyrin electrochemistry is classically described by the Hammett linear free energy relationship, with the potential of the radical π cation sensitive to the inductive electron donating/ withdrawing character of the substituent and the stabilizing/ destabilizing character of any π bonds (36) . Inductive effects in this study are hard to elucidate as mesityl, tolyl, and hydrogen are electron-donating groups (36) . Resonance between aryl substituents and the π system of the macrocycle core in this study would be expected to stabilize the radical cation.
Resonance stabilization effects can be clearly seen when comparing TMP, TTP, and PAP. From a symmetry standpoint, these compounds are similar with aryl groups at each meso position; the similarity in Q-band absorbance maxima reflects this shared symmetry. Additionally, the inductive effects of the substituents are expected to be similar (36) . We might expect TMP to have the least resonance stabilization as steric effects between mesityl and the macrocycle core typically result in a dihedral angle close to 90°. In contrast the aryl groups on TTP and PAP are less hindered and closer to coplanarity with the porphyrin core, thus allowing resonance stabilization effects to cathodically shift E pa . Surprisingly, we see an anodic shift in E pa for TTP and PAP, with TTP shifted by 130 mV and PAP by 240 mV relative to TMP. McLendon and coworkers offer a possible explanation for this behavior (37) . In bridged porphyrin adducts, they observe maximum rates of intramolecular electron transfer at 0°and 90°, with the minimum rate near 45°. They attribute this result to orbital symmetry considerations. As we noted, mesityl groups exhibit dihedral angles of ∼90°, whereas tolyl groups sit at an angle closer to 60° (38) .
The combined effects of substitution on the spectral and electrochemical properties of the porphyrins are reflected in the excited-state reduction potential, E* red . A sensitizer with an E* red that is too positive will have low yields of electron injection into TiO 2 . Thus, more efficient cells should incorporate sensitizers that have resonance stabilization and cathodically shifted E pa . However, the picture is more complicated. For example, the excited-state reduction potential of TTP is 220 mV more positive than that of MMP, yet within error both sensitizers generate the same amount of integrated photocurrent. Part of this is certainly related to differences in E pa . The E pa of TTP is 160 mV more positive than that of MMP and the former should exhibit a more rapid rate of electron transfer from the IrO 2 catalyst. It is important to be cautious about shifting the potential of the radical cation too positive as PAP demonstrates. Despite being the most strongly oxidizing of the sensitizers tested, E* red for PAP is too positive for efficient injection into TiO 2 as the APCE results indicate. The overall effect leads to low photocurrent.
We would expect that the wider coverage of the visible spectrum by free-base porphyrin sensitizers would lead to higher photocurrents relative to [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)]. In fact, we see the opposite: Porphyrin-modified electrodes generated roughly half The generator electrode is a TMP-sensitized photoanode at +100 mV vs. Ag/AgCl, and the collector electrode is a planar Pt film at −640 mV vs. Ag/AgCl (3 M NaCl). Faradaic efficiency is calculated as ∼100%, and collection efficiency previously determined is 81%. ); however, TTP exhibited a higher surface coverage, possibly because the tolyl groups can achieve greater planarity, and the lack of ortho-methyl groups would allow closer approach of the macrocycles. MDC exhibited a high surface coverage relative to MDCE (0.61 × 10 −7 mol/cm A second possibility is that the porphyrin sensitizers are not electrochemically stable. As noted above, the oxidation of the sensitizers on TiO 2 is electrochemically irreversible, which could indicate a side reaction of the radical cation or desorption of the oxidized species from the electrode. Several lines of evidence argue for photoelectrochemical stability and authentic water oxidation activity. First, as noted above, irreversibility of porphyrins on TiO 2 has been previously observed (20) . Also, we have observed that films of [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)] with poor hole transport characteristics also exhibit electrochemical irreversibility on TiO 2 (33) . Second, in nonaqueous solutions TMP (27) and TTP (39) are reversible, suggesting that the irreversibility we observe is not due to fundamental chemical instability of the sensitizers. Third, UV-Vis spectra of the electrodes before and after photoelectrolysis generally show no change in absorption, except for MDC (SI Appendix, Fig. S4 ). If the sensitizers are unstable, we would expect to see a change both in peak absorbances and in the shape of the absorption spectrum. Although we do see some increase in absorbance after electrolysis, we suggest that this is related to residual water within the mesoporous TiO 2 and not to sensitizer modification. Finally, we directly observe oxygen generation and determine a Faradaic efficiency close to 100%.
As surface coverages, electrochemical stabilities, and excitedstate potentials of these sensitizers are comparable to those of [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)], we identify two major differences: injection into TiO 2 and cross-surface hole transport (Fig. 4) . Although we do not directly measure a quantum yield of injection, the APCE for [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)] is 3-10 times larger than APCEs of the porphyrin sensitizers. For some of the porphyrin sensitizers, E* red is positive of the conduction band edge potential of TiO 2 . From that perspective it is surprising that some sensitizers, PAP for example, inject into TiO 2 . In this case, it is possible that hot injection may occur from the higher-energy Q(1,0) transitions (40) . Under 590-nm long-pass illumination, only a portion of the Q y (1,0) band is typically illuminated, which could allow for hot injection. Also, fast deactivation pathways may contribute to poor injection. Finally, the anchoring group can have an important effect on electron injection (41, 42) . This likely can explain the high photocurrents observed for DMEP and MDCE. In these two molecules, the orbital overlap between the porphyrin macrocycle and the carboxyl group is not impeded by a large dihedral angle between the macrocycle and a meso phenyl ring, as it is in the other compounds.
The other significant difference we observe compared with [Ru(bpy) 2 2 bpy)] are charged and water soluble, whereas only the oxidized form of the porphyrin sensitizers is charged. Oxidation of the neutral porphyrin may induce a significant solvent reorganization energy. Also, the hole on the porphyrin cation is ligand centered, whereas on the Ru(III) complexes it is metal centered, which may play some additional role. Efficient hole transport by the sensitizer is crucial to photocurrent generation, so the low D app values of these sensitizers suggest low or negligible photocurrent. As the distance the hole can travel is a function of both D app and τ r , the order of magnitude increase in recombination time apparently mitigates the low D app values for the porphyrins. The high surface coverages observed for these sensitizers will also help to mitigate a low D app .
On a final note, the porphyrin-sensitized electrodes are active under red light illumination, whereas [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)]-sensitized electrodes do not show any photocurrent in the red portion of the spectrum. Most notably the IPCE values for fullspectrum illumination (410 nm long-pass) and for red light illumination (590 nm long-pass) are very similar. Thus, although the actual currents are low, the electrodes use the red photons as well as the rest of the spectrum. The utilization of red light to drive water splitting represents a significant step forward for molecular photoelectrochemical water-splitting systems. 
Conclusion
In this study we demonstrate a functioning WS-DSPEC, using organic free-base porphyrin sensitizers. The spectral and electrochemical behavior of the free-base porphyrins can be tuned both by the number and by the type of substituents. Fully substituted porphyrins at the meso position exhibit the most redshifted spectra and are strongly absorbing. Electron-donating substituents that extend the core π system shift E pa to more cathodic values. Although a negative shift of E pa is desirable for injection into TiO 2 , it lowers the driving force for oxidation of IrO 2 . Although this study has focused mostly on electron-donating aryl substituents, pentafluorophenyl or cyano substituents are electron withdrawing and would provide an alternative pathway for tuning sensitizer energetics. Despite the variability in their spectral and electrochemical properties, the majority of the porphyrins exhibited significant photocurrent under illumination. Under full visible and red light illumination, the electrodes produced measurable photocurrents and had open-circuit voltages in excess of 1 V, although the photocurrent was lower than that of electrodes sensitized with [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)]. The porphyrin sensitizers have lower injection yields and slower hole transport than [Ru(bpy) 2 (4,4′-(PO 3 H 2 ) 2 bpy)]. The slow hole transport is partially mitigated by an increase in the recombination time.
